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Introduction
Multiple sclerosis (MS) is a chronic autoimmune demyelinating disorder characterized by inflammation of the CNS. The clinical symptoms of MS are thought to be due to combined injury to oligodendrocytes and myelin, and irreversible axonal loss (Bar-Or and Darlington, 2011; Darlington et al., 2011) .
Although not effective in every patient, recombinant IFN-β continues to be one of the most widely prescribed immunomodulators for MS patients, since it reduces relapse frequency and the risk of sustained disease progression and decreases MRI lesion activity and brain atrophy (Galligan et al., 2010; Garg and Smith, 2015; Severa et al., 2015) . Although the precise mechanisms underlying the therapeutic efficacy of IFN-β are unclear, there is evidence that it blocks T-cell activation, shifting the environment from pro-to anti-inflammatory, prevents cell migration across the blood-brain barrier and promotes the repair of damaged neural cells by favouring the differentiation of neural stem cells into oligodendrocytes (Platanias, 2005; Martin-Saavedra et al., 2008; Kieseier, 2011; Severa et al., 2015) .
However, the short half-life of IFN-ß in serum and its inability to amass in the CNS necessitates patients having long-term repeated injections, which, typically, are associated with several side effects (Walther and Hohlfeld, 1999) . Therefore, there is an urgent need to develop more effective therapies aimed not only at preventing the immunemediated injury but also at providing protection against the neurodegeneration in MS .
In this context, mesenchymal stem cells (MSCs) represent a promising tool as a therapy in MS. The rationale for their use in MS was originally based on their differentiation and immunoregulatory capacities (Dominici et al., 2006; Tyndall et al., 2007; Constantin et al., 2009 ; Ben-Ami et al., 2011; Mizuno et al., 2012) . In mice with experimental autoimmune encephalomyelitis (EAE), the animal model most frequently used for MS that mimics the T-cell-mediated demyelination that occurs in the CNS (Friese et al., 2006; Steinman and Zamvil, 2006; Moreno et al., 2012) , the transplant of MSCs ameliorates the clinical symptoms, the infiltration of inflammatory cells into the CNS, demyelination and axonal damage (Uccelli et al., 2006; Constantin et al., 2009; Newman et al., 2009; Freedman et al., 2010; Marin-Bańasco et al., 2014) . Their potential mechanisms include the suppression of both innate and adaptive immune cells and the up-regulation of the generation of regulatory T-cells (Uccelli et al., 2008; Newman et al., 2009; Cohen, 2013) . MSC-secreted soluble factors such as indoleamine-2,3-dioxygenase, TGF-β, hepatocyte growth factor, nitric oxide and soluble human leukocyte antigen-G have been proposed to mediate these immunomodulatory effects (Le Blanc et al., 2003; Zappia et al., 2005; Nasef et al., 2007) , although other mechanisms such as cell contact (Krampera et al., 2003) and bystander effects (Newman et al., 2009 ) have also been implicated.
Furthermore, the ability of stem cells to migrate into inflamed CNS (Ji et al., 2004; Ponte et al., 2007) and once there to differentiate into neural-like cells, promote the differentiation of endogenous neural stem cells and modulate the inflammatory process and neurorepair has fuelled interest in their therapeutic potential in MS (Uccelli et al., 2008; Darlington et al., 2011; Cohen, 2013; Cornelissen et al., 2015) .
This tropism of MSCs also makes them useful for the delivery of therapeutic molecules to target the sites of injury in MS, as it is possible to introduce exogenous genes to be expressed by MSCs, aiming both to enhance their homing capacities and to increase their therapeutic potential (Moloney et al., 2010; Cobo et al., 2013; Wyse et al., 2014) .
In this study, we have genetically manipulated our previously characterized murine adipose-derived MSCs (AdMSCs) Marin-Bańasco et al., 2014) to constitutively produce IFN-ß (AdMSCs-IFN-ß), in order to use them as autologous and allogeneic gene therapy in models of both relapsing-remitting EAE (RR-EAE)and chronic progressive EAE (CP-EAE).
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Methods
Mice
All experiments were conducted using adult (6-8 weeks old, 20-23 g weight) female SJL/JCrl (SJL) (H2 s ) and C57Bl/6 (C57) (H2 b ) mice inbred, purchased from Charles Rivers (Germany). The animals were housed in clear plastic cages under specific pathogen-free conditions in accordance with institutional guidelines. The mice were kept in a controlled temperature (23 AE 1°C), a 12:12-h light/dark cycle and had free access to food and water. Efforts were made to minimize the number of animals used and their suffering. Care conditions were adapted to facilitate the hydration and food access ab libitum to the animals during the development of EAE. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015 
AdMSC culture
AdMSCs were isolated from SJL mice. After the mice had been killed by cervical dislocation, adipose tissue fragments were obtained from s.c. abdominal fat. The isolation, culture and expansion of murine AdMSCs were performed as described previously (Marin-Bańasco et al., 2014) . Cells were resuspended in Complete MesenCult® Medium (STEMCELLS Technologies, Grenoble, France), supplemented with streptomycin and penicillin (PAA Laboratories GmbH, Pasching, Austria) seeded in six-well culture plates (1 × 10 6 cells per 9.6 cm 2 dish) and, thereafter, expanded with the aforementioned medium from 1 up to 10 passages (p). Genetic modification of AdMSCs-IFN-β started at passages 2-3, being the passages in which the number of cells was taken to be transduced.
Lentiviral production and AdMSC transduction
Lentiviral construction. Musmusculus IFN-β 1 fibroblast (Ifnb1), ID: ref|NM_010510.1) cDNA, was synthesized by Genescript (Piscataway, NJ, USA) with the addition of BamH1 and pst1 endonuclease site subsequently used for cloning in the CMV promoter-enhanced GFP woodchuck hepatitis post-transcriptional regulatory element (CEWP) lentiviral plasmid (Benabdellah et al., 2014) . The plasmid generated was named CIFNbWP.
Vector production and titration. The human immunodeficiency virus and the packaging (pCMVΔR8.9) and envelope (pMD2.
G) plasmids were produced as described previously (Zufferey et al., 1998) . Vector production was performed as described previously (Toscano et al., 2004) . Briefly, 293T cells were plated on amine-coated Petri dishes (Sarsted, Newton, NC, USA). The vector, packaging and envelope plasmids (plasmid proportion 3:2:1) were resuspended in 1. Twenty-four hours later, nonadherent cells were removed and the medium replaced with 1.5 mL of fresh medium. Cells were subjected to two additional rounds of this transduction procedure, each called 'Hit'. Thus, we generated three genetically modified cell lines producing murine IFN-β (AdMSC-IFN-β: 1Hit, 2Hits or 3Hits). Once the transduction processes had been completed, cells were expanded in the same conditions as described above for untransfected AdMSCs, up to passage 10. Four replicates were performed for each cell line. Each replicate was a mixture of AdMSCs obtained from two SJL mice.
Quantification of lentiviral integration in AdMSC cultures by quantitative PCR
Vector copy number per cell was calculated by quantitative PCR (Q-PCR) using 0.6 μg of genomic DNA (=100.000 genomes) and 10-fold increasing amounts of plasmid DNA (from 10 2 to 10 7 copies) for the standard curve. We also quantified the IFN-β production in supernatants from cell lines differentiated into adipocytes, osteoblasts and chondrocytes and transdifferentiated into neuronal cells (p7) and seeded at the described experimental conditions. Supernatants were collected 48 h after MESENCULT or differentiation medium replacement and were stored at À80°C until their use.
Biological characterization of the AdMSC-IFN-β populations
As the transduction processes started at culture p2-p3 and each of the 3Hits cell line replicates underwent three consecutive transduction processes, we analysed and compared the biological characteristics of the three IFN-β-secreting cell lines from p6 to p10. Cell morphology, growth rate and surface marker expression were determined as previously described (Marin-Bańasco et al., 2014) .
AdMSC-IFN-β multipotency and transdifferentiation assays
Multipotency. The adipogenic, osteogenic and chondrogenic potential was demonstrated in AdMSCs-IFN-β (1Hit, 2Hits and 3Hits) and non-transfected AdMSC populations at p7 (n = 2 per each experimental cell line, and in duplicate). Induction was done by replacing the growth medium for the supplemented MSC Adipogenic, Osteogenic or Chondrogenic Differentiation Medium (Ready-to-use) (PromoCell GMBH, Heidelberg, Germany), with minor modifications to the manufacturer's instructions, according to the protocol described previously (Marin-Bańasco et al., 2014) .
Transdifferentiation. All cell lines mentioned were incubated for 5 days with the supplemented MSCs Neurogenic Differentiation Medium (PromoCell GMBH). The protocol was performed following the manufacturer's instructions. The characteristic granular structures unique to the soma of neuronal cells, the Nissl bodies, were detected by specific staining with cresyl violet, (PromoCell GMBH).
As negative controls of the differentiation assays, all cell populations were seeded in the same conditions but incubated with MESENCULT. Differentiation images were captured at 10× or 20× magnification, with an inverted phase contrast microscope (Leica DMIL LED) to acquire images of adipocytes, osteocytes and neurons and an Olympus BX41 Microscope (Olympus Iberia S.A.U., Barcelona, Spain) for chondrocyte images. (Becton Dickinson) in a final volume of 100 μL. Fifty microlitres of this emulsion was injected on each side of the midline on the lower back. A total dose of 300 ng of pertussis toxin (Sigma-Aldrich Química S.L., Spain) was administered i. p. on days 0 and 2 post immunization. The clinical score was assessed according to a standard 0 to 5 scale (Moline-Velazquez et al., 2011; Marin-Bańasco et al., 2014) : 0, healthy; 0.5, flaccidity and partial paralysis of the tail; 1, limp tail; 1.5, weakness in one hindlimb; 2, hindlimb paresis; 2.5, partial hindlimb paralysis; 3, total hindlimb paralysis; 3.5, partial forelimb paralysis; 4, forelimb paralysis; 4.5, body/front limb paresis/paralysis; and 5, moribund. Scoring was performed without knowledge of the treatments. The humane end points were established as follows: weight decrement by more than 20%, abnormal behaviour, appearances and clinical signs (piloerection, back arched, nasal/ocular discharge, stereotypies, convulsions, coma, selfmutilation and severe dehydration). These clinical signs were evaluated daily by staff of the Experimental Animal Centre of the University of Malaga. None of the animals showed any of these signs during the experimental period.
EAE induction and clinical evaluation
RR-EAE-induced animals were monitored over a 50 day period and CP-EAE-induced animals over 35 days. Three RR-EAE-treated animals were found dead in the cage during the study, presumably due to the aggressiveness of the EAE. The end point evaluation included a variety of parameters that reflect the disease severity, such as the disease incidence and mortality, the day of the disease onset, the mean of maximum score, the mean score reached in the chronic phase in CP-EAE animals, the duration and mean scores of the relapsing periods in RR-EAE mice and the cumulative score over the duration of the experiment.
Treatment protocols
When RR-EAE-and CP-EAE-induced animals reached a clinical score between 0.5 and 1, they were randomly distributed into groups of five mice per cage to receive an i.v. injection of the following treatments:
• Saline (control group) (n = 11 in RR-EAE; n = 9 in CP-EAE).
• Non-transduced AdMSCs (cell therapy) (n = 11 in RR-EAE; n = 8 in CP-EAE).
• Transduced AdMSCs (1Hit) (gene therapy) (n = 9 in RR-EAE; n = 11 in CP-EAE).
For each therapy, the animals received a unique i.v. administration of 1 × 10 6 cells resuspended in 400 μL saline through the vein of the tail. EAE-control groups received only vehicle (saline) by the same protocol.
Tissue extraction and processing
Animals were killed by i.p. administration of a lethal dose of pentobarbital. Fresh extraction of blood, spleen, brain and spinal cord was performed at the peak of the second relapse (48 days post immunization; dpi) in RR-EAE mice and in the chronic period (35 dpi) in CP-EAE animals. Blood was centrifuged to isolate the serum samples, which were stored at À20°C until their use. Spleens were placed in Hibernate® medium (Thermo Fisher Scientific) until processing. Part of the lumbar spinal cord was placed in 4% paraformaldehyde (PFA) (Sigma-Aldrich Química, S.L.), cryoprotected in 30% (w . v -1 ) sucrose and cut in 40 μm-thick cryostat sections for its histopathological analysis. The other part of the lumbar spinal area and the brain were frozen in liquid nitrogen and were used later in the RT-PCR studies detailed below.
Determination of IFN-β protein levels in serum of EAE mice
Serum IFN-β levels were assessed by the same quantitative ELISA kit (VeriKineTM Mouse IFN-β) described for supernatants, in EAE mice treated with saline, AdMSC or AdMSC-IFN-β at day 35 (CP-EAE) and at day 48 after immunization (RR-EAE) (n = 3 mice per group). However, serum IFN-β levels were under the limit of quantification of the kit (15.6-pg·mL À1 ) in all cases.
Analysis of splenic subsets in EAE mice by flow cytometry
After removal of the Hibernate® medium, a single splenocyte suspension was obtained by filtering through a 40 μm nylon cell strainer (BD Falcon). After red blood cell lysis in ACK lysis buffer (Panreac), 10 6 splenocytes were resuspended in 50 μL of staining buffer [sterile PBS supplemented with 25 mM HEPES, 2% penicillin/streptavidin and 10% FBS (Linus)], and the Fc receptors were blocked for 10 min at 4°C with anti-CD16/CD32 antibodies (10 μg·mL À1 ; BD Biosciences, Madrid, Spain). The cells were then labelled for an additional 30 min at 4°C in the dark, with 50 μL of the corresponding antibody in staining buffer. Splenocytes were washed twice with staining buffer, recovered by centrifugation at 269 x g for 5 min at RT, resuspended in PBS and, finally, assayed in a FACS Canto II cytometer (BD Biosciences). Anti-mouse antibodies for the myeloid subset included an FITCconjugated Ly-6C, R-PE-conjugated Ly-6G, a PerCP Cy5.5-conjugated CD11b (all from BD Biosciences), APCconjugated CD11c and e-Fluor-450-conjugated F4/80 (from eBioscience). Anti-mouse antibodies for the lymphoid panel included an FITC-conjugated CD8, R-PE-conjugated CD4, Pacific Blue-conjugated CD3 (from BD Biosciences), PECy5.5-conjugated CD25, APC-conjugated CD69 (from eBiosciences) and isotype controls conjugated with FITC, R-PE, Pacific Blue, APC, PerCP, PE-Cy5.5 and e-Fluor-450. The activation markers CD25 and CD69 (Tran et al., 2000) were analysed by gating on CD3 + cell subsets for the lymphoid panel and for CD11b + cells for the myeloid panel with FlowJo 7.6.4 software (TreeStar Inc.). Data were obtained from spleens of five animals per experimental group, without knowledge of the treatments. 
Immunohistochemistry analysis of histopathology in CNS
Statistical analysis
The data are expressed as the mean AE SEM and were analysed with Sigma Stat or SPSS 15.0 (SPSS Inc., IBM Corporation, New York, NY, USA). Nonparametric tests (Kruskal-Wallis followed by Mann-Whitney), when appropriate, were performed to compare the mean values of clinical features of the end points between different groups, flow cytometry analysis, immunohistochemistry and gene expression parameters. Minimal statistical significance was set at P < 0.05.
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The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) .
Results
Generation and characterization of gene-modified MSCs expressing IFN-β (AdMSC-IFN-β)
Three IFN-β secreting AdMSC lines (AdMSCs-IFN-β) were satisfactorily generated from AdMSCs from SJL mice, transduced with lentiviral vectors. AdMSCs subjected to one transduction process were called '1Hit', and those that underwent two or three consecutive transduction processes were named '2Hits' or '3Hits' respectively. Results for these three IFN-β-secreting cell lines were compared with those obtained from non-transduced cells isolated from the same mouse strain.
Quantification of the number of IFN-β gene integrations in cultured AdMSC-IFN-β. The results showed a high number of the transgene copies inserted per cell in the 1Hit line when compared with the values obtained in 2 and 3Hits populations ( Table 1 ). The lowest integration values were observed in the 2Hits cell line.
Determination of IFN-β protein levels in AdMSC-IFN-β cultures. No detectable levels of IFN-β were found in supernatants from non-transduced AdMSC lines, either at 24 or at 48 h (Figure 1) . However, all the transfected cells were able to produce IFN-β at considerable levels, the 1Hit AdMSC-IFN-β cell line being the one that secreted the highest levels at 24 h. After 48 h of incubation, IFN-β production in the 1Hit cell line was reduced to values similar to those obtained from the other two cell lines. No important differences in IFN-β levels between 2Hits and 3Hits cells were found at 24 or 48 h.
Morphology, cell expansion and surface marker expression of the AdMSCs-IFN-β lines. All transduced cell lines displayed a volume, a morphology and a growth rate similar to nontransduced AdMSCs (please see Supporting Information Figure S1A , B). The analysis of the immunophenotypic profile showed that the expression of haematopoietic markers remained negative and the expression of stromal markers was variably positive in the three IFN-ß-secreting cell lines along passages (please see Supporting Information Figure S1C ), showing no statistically significant differences when compared with non-transduced AdMSCs.
Differentiation
and transdifferentiation potential of AdMSCs-IFN-ß cell lines. In vitro differentiation was induced into adipogenic, osteogenic and chondrogenic 
Figure 2
AdMSCs and AdMSCs-IFN-ß transdifferentiation. Images show the cell populations at culture passages 7. Cell cultures were maintained in the growth media (Control) or stimulated to differentiate (Diff.) by incubation with the specific media (data were compiled from two independent experiments and in duplicate each time). Neurogenic phenotype was confirmed by cresyl violet staining, which shows up the characteristic granular structures within the soma of neuronal cells, that is, the Nissl bodies, indicated by black arrows (original magnification, 20×).
lineages at culture p9-p10. Both transduced and nontransduced cells showed multipotent capacity to differentiate into the three cell lines (please see Supporting Information Figure S2 ). However, AdMSCs-IFN-ß lines showed a reduction in the percentages of differentiated cells into adipocytes (1Hit, 85-90%; 2Hits, 60-65%; 3Hits, 40-45% of differentiated cells vs. 95% of non-transduced cells) and osteoblasts (1Hit, 90%; 2Hits, 65%; 3Hits, 50% of differentiated cells vs. 95% of non-transduced cells), which positively correlated with the number of Hits of transduction. No differences were found in their chondrogenic differentiation capacity. Both the non-transduced and transduced cells were able to differentiate into neural-like shape cells, with dendritic structure and Nissl bodies (Figure 2) .
Once differentiated into cells from mesodermal and ectodermal origin, non-transduced AdMSCs produced no detectable levels of IFN-ß, while the 1Hit and 3Hits cell lines continued releasing IFN-ß at a lower extent than before differentiation. In the 2Hits line, IFN-ß levels were detected after transdifferentiation but were undetectable after their differentiation into cells of mesodermal origin (data not shown).
Clinical and neuropathological effects of 1Hit transduced AdMSCs
We decided to test the in vivo efficacy of the 1Hit cell line (gene therapy) as it was the cell population with the most similarities to the non-transduced cells (cell therapy).
It was assumed that AdMSCs isolated from SJL mice and transplanted into RR-EAE mice was an autologous transplant, as the RR-EAE animals share the same genetic background, whereas their administration into CP-EAE mice, with C57-genetic background, was considered an allogeneic transplant.
Gene therapy as autologous transplant
As previously found (Marin-Bańasco et al., 2014), autologous cell therapy ameliorated the clinical course of the RR-EAE ( Figure 3A) ; this was reflected in a significant reduction in the parameters indicating disease severity ( Figure 3B ) when compared with saline-treated animals. Gene therapy diminished the MS symptoms in mice; they developed a clinically moderate EAE ( Figure 3A) , with a significant reduction in the mean maximum score (1.8 AE 0.2 vs. 3.2 AE 0.3) and mean cumulative score (46.1 AE 4.6 vs. 58.4 AE 5.2) when compared with saline-treated animals ( Figure 3B ). In addition, gene Figure 3 Clinical outcome of RR-EAE model. (A) Graphs show the clinical score progression of EAE model over the experimental period (n = 11 in RR-EAE groups treated with saline and with cell therapy and n = 9 in RR-EAE group treated with gene therapy). Black arrow indicates the day at which the treatment (saline, cell therapy or gene therapy) started. (B) In the tables, the values are presented as mean AE SEM. Statistical analysis to perform single comparisons was carried out using Kruskal-Wallis followed by Mann-Whitney test.*P < 0.05 versus saline; #P < 0.05 cell therapy versus gene therapy. In (B): a Disease onset, first day on which animals showed any clinical symptoms (clinical score ≥0.5). b Mean maximum score, average of the maximum EAE score reached from each mouse over the entire experiment. c Mean cumulative score, average of the accumulated clinical score from each mouse over the entire experiment [50 dpi (days post immunization)]. d,f Duration of the first/second relapse, days of the first/ second relapse. The beginning of the relapse was established when the animals had a clinical score of 1.5 or higher and the end when the score returned to that value. e,g Mean of the first/second relapse score, average of the EAE score from each mouse over the mentioned relapsing periods.
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therapy decreased both the duration of the first and second relapses (4 days vs. 13 days, and 6 days vs. 16 days), and the mean of neurological dysfunction reached in those periods (1.6 AE 0.1 vs. 2.3 AE 0.1; 1.4 AE 0.1 vs. 1.9 AE 0.1, respectively). Moreover, it is important to highlight that gene therapy resulted more effective than cell therapy in reducing all the parameters of aggressiveness, reaching statistically significant differences in the maximum score and the second relapse score when compared between them (# in Figure 3B ). After the RR-EAE mice had been killed at the peak of the second relapse, the spleens were analysed to assess peripheral immune cell populations. At this point, none of the treatments induced differences in the myeloid cell subsets, that is, dendritic cells, macrophages and neutrophils (data not shown), or in the percentages of CD3 + , CD4 + and CD8 + T lymphoid subsets with respect to the total splenocyte content (Figure 4A , B; please see Supporting Information Figure S3A ). However, the gene therapy group showed a lower degree of activation of the CD4 + T-cells (CD25 + or CD25 + CD69 + ) when compared with both the saline and cell therapy groups ( Figure 4C ). The same activation markers within the CD8 + T-cell subset did not show any significant differences (please see Supporting Information Figure S3B ). The lumbar spinal cords of each experimental RR-EAE group were processed to test whether the clinical score amelioration observed after treatments correlated with a reduction in the neurohistopathological damage in CNS. Cell therapy significantly reduced the number of infiltrating CD3 + T-cells and the total demyelinated area, when compared with saline ( Figure 5A , B). Consistent with the clinical data, the effect of gene therapy was very noticeable and similar to that induced by cell therapy, reducing the T-cell infiltrates (14.5 AE 1) and the percentage of the total demyelinated area in the white matter of the lumbar spinal cord (5.6 AE 0.1%) ( Figure 5A , B). The number of activated microglial cells stained with anti-Iba1 in the spinal cords, considered as an indicator of inflammation, was clearly diminished after cell therapy and gene therapy in comparison with saline-treated animals ( Figure 5C ).
We also tested the efficacy of the experimental therapies on the number of NeuN+ neuronal population in the ventral spinal cord grey area and on the expression of the transcriptional factor Olig2, which is overexpressed in oligodendrocyte precursor cells (OPCs) favouring their differentiation to myelinating mature oligodendrocytes in tissue injury states (Wegener et al., 2015) . No statistically significant differences were found in the number of any of the two labelled cell populations after cell or gene therapies when compared with saline (please see Supporting Information Figure S4A ).
After the brain and lumbar spinal cord of the RR-EAE mice had been processed, we determined whether cell or gene therapies modified the expression of genes related to the pathogeny of this disease. Cell therapy reduced the expression level of CASP3 in CNS, whereas gene therapy increased the expression levels of IFN-ß, IFN-γ and VCAM genes ( Figure 6A ). No differences in the expression levels of any of the other genes evaluated were found, irrespective of the treatment administered (data not shown).
Figure 4
The gene therapy in RR-EAE mice diminishes the activation level of CD4 + T-cells. (A, B) The analysis of the splenic content of the RR-EAE mice shows no differences among the percentage of total T-cell (A) and the CD4 + T-cell content (B) with respect to total splenocytes. (C) The analysis of the different activity state subsets shows a significantly lower percentage of CD4 + T-cells presenting the activation marker CD25 alone or in combination with CD69 in the gene therapy group when compared with vehicle and cell therapy groups. Data were obtained from spleens of five animals per experimental group. The statistical analysis was carried out using Kruskal-Wallis followed by Mann-Whitney test: *P < 0.05 gene therapy versus saline and cell therapy.
Stem cell-based gene therapy ameliorates EAE BJP
Gene therapy as allogeneic transplant
The CP-EAE that developed in mice followed a typical chronic progressive clinical course, characterized by the appearance of one relapse followed by a symptomatic stabilization period ( Figure 7A ). The allogeneic transplant with cell therapy diminished the clinical course of EAE, as reflected in a moderate reduction in all the end point parameters evaluated ( Figure 7A , B) when compared with saline. Gene therapy ameliorated the clinical course of CP-EAE ( Figure 7A, B) , showing a significant reduction in the mean maximum score (1.7 AE 0.1 vs. 2.4 AE 0.1), the mean score in chronic phase (1.5 AE 0.1 vs. 2 AE 0.1) and the mean cumulative score (38.6 AE 1.2 vs. 41.4 AE 2.0) when compared with saline. Moreover, gene therapy significantly diminished the chronic phase score when compared to cell therapy (# in Figure 7B ). CP-EAE mice were killed in the chronic period. As in the case of RR-EAE, the analysis of spleens showed no differences between groups among the myeloid cell subsets (data not shown). However, there was a significant decrease in the percentage of activated CD4 + T-cells in the gene therapy group when compared with the salineadministered or cell therapy ones (Figure 8 ). There was a trend towards an increase in the percentage of CD69 + CD4 + T-cells in the gene therapy group although this did not reach statistical significance. Neither the CD8 + T total cell content nor the CD8 + T-cell activation showed differences between the groups (please see Supporting Information Figure S3C, D) . Immunohistological analysis of spinal cords showed that cell therapy reduced the number of infiltrated CD3 + T-cells and the total demyelinated area when compared with control animals (Figure 9 ). After gene therapy, a significant decrease in CD3 + T-cell infiltrates ( Figure 9A ) and a dramatic reduction in the demyelinated areas were found ( Figure 9B ). No statistically significant differences in the other cell populations evaluated (activated microglia, Olig2+ oligodendrocytes nor NeuN+ neurons), after cell or gene therapies were observed, when compared with control animals (please see Supporting Information Figure S4B ). In the chronic period, the analysis of gene expression in the CNS revealed that cell and gene therapies increased the levels of SEMA3F. Although cell therapy did not modify the expression of any of the other genes evaluated (data not shown), gene therapy was able to increase IFN-ß and IFNAR2 gene expression ( Figure 6B ). 
Discussion
Classical approaches to treat disease progression in MS patients are oriented to fight the inflammatory process that leads to demyelination in the CNS. The drugs currently available are not always effective in all patients and usually require long-term therapy, which is associated with several adverse effects. In recent years, IFN-ß gene therapy has appeared as a promising alternative in MS (Makar et al., 2008; Sims et al., 2008; Ryu et al., 2013; Wyse et al., 2014) ; it offers the advantage of long-lasting protein expression, an increase in IFN-ß bioavailability and a reduced frequency of drug administration.
In this context, the use of AdMSCs, endowed with the ability to migrate towards sites of inflammation and injury for the delivery or secretion of therapeutic proteins, offers additional advantages for treating neuroimmune diseases (Steingen et al., 2008; Uccelli et al., 2008; Payne et al., 2013; Cornelissen et al., 2015) . Administration of MSCs expressing the vasoactive intestinal peptide prevented progression and reduced symptoms when administered at the peak of EAE disease, correlating with lower levels of inflammation and demyelination and higher neuronal integrity in the CNS (Cobo et al., 2013) . In addition, xenogenic transplant of human bone marrow MSCs or mice CD34 + bone marrow MSC, expressing IFN-ß, exhibited therapeutic effects and prevented the progression of EAE in mice (Ryu et al., 2013; Makar et al., 2008) .
Here, we have genetically modified AdMSCs from the SJL mice, to constitutively secrete murine IFN-ß with a lentivirus-based delivery system that ensures its long-term expression (Wyse et al., 2014) with a safe integration profile (Schröder et al., 2002) . The genetic manipulation of these AdMSCs did not alter their mesenchymal biological properties nor their differentiation ability, the 1Hit cell line being the one that shares more similarities with non-transduced cells. Moreover, this line maintained its IFN-ß-secreting ability after differentiation and transdifferentiation, clearly increasing the therapeutic potential of these cells.
So in order to test whether AdMSCs-IFN-ß (gene therapy) were able to improve the reported therapeutic effects of non-transduced AdMSCs (cell therapy) (Karussis and Kassis, 2008; Chang et al., 2014; Schwerk et al., 2015; Bonafede et al., 2016) , we investigated their efficacy in two experimental models of MS: the RR and CP-EAE, as there is much controversy over whether the effects of autologous MSCs are indistinguishable (Kassis et al., 2013) or not (Zhang et al., 2014) from the effects induced by allogeneic MSCs in ameliorating the clinical score of EAE.
Serum IFN-β levels were undetectable in both models after any of the treatments, in accordance with the results reported by others, who also found them undetectable (Makar et al., 2008) or <12 pg·mL À1 (Ryu et al., 2013) , below the limit of quantification of our ELISA kit. One reason may be that the grafted AdMSCs-IFN-ß synthesize and secrete IFN-β by Stem cell-based gene therapy ameliorates EAE BJP paracrine mechanisms, and this cytokine diffuses over a relatively short distance. When administered early in the disease course as an autologous transplant in RR-EAE mice, AdMSC-IFN-ß improved clinical symptoms and reduced all severity parameters. Furthermore, when compared with cell therapy, gene therapy was more effective in reducing maximum score and second relapse score, suggesting that IFN-β gene expression could be contributing to the increased potency of AdMSCs in modulating the clinical course of EAE and, therefore, its therapeutic efficacy.
No peripheral effects were found after autologous cell therapy on the percentage of the splenic T-cell populations or on their activation state. Conversely, gene therapy decreased the activation state of the inflammatory CD4 + T-cell subset when compared with saline and cell therapy, which may represent an amelioration of the peripheral, EAEinduced inflammatory processes. With regard to CNS effects, cell therapy reduced both central inflammation and demyelination, corroborating previous reports in EAE models (Ben-Ami et al., 2011; Marin-Bańasco et al., 2014) . Gene therapy also induced a significant reduction in central inflammation and demyelination, in agreement with others (Makar et al., 2008; Ryu et al., 2013) . However, we did not find significant differences when compared with cell therapy, so it remains unclear whether these immunomodulatory effects were due to the constitutive expression of the IFN-β gene or to the widely known neuroimmunomodulatory properties of AdMSCs.
In contrast, no neuroprotective effects were observed with either cell or gene therapy when compared with controls. The lack of an extensive bibliography on the neuroprotective effects of engineered stem cells suggests that further experiments are needed to determine the mechanisms of action of this therapy.
In addition, we evaluated the effects of autologous therapies over the expression levels of some genes in the CNS. Cell therapy decreased the mRNA expression of CASP3, a proenzyme that requires activation to exert its apoptotic actions, according to the reported ability of MSCs to protect neurons and oligodendrocytes from apoptosis (Uccelli et al., 2008) . Gene therapy increased the expression levels of IFN-ß, IFN-γ and VCAM. The concomitant presence of IFN-γ has been reported to increase the immunoregulatory effects of IFN-β (Axtell et al., 2010) and to enhance the immunosuppressive activity of AdMSCs (Sivanathan et al., 2014) . Regarding the increase in VCAM expression, recent studies have shown that this increase in neural stem cells is involved in the regulation of adult neurogenesis (Lehtinen, 2012) and is essential to maintain the neurogenic niche (Kokovay et al., 2012) .
Figure 7
Clinical outcome of CP-EAE model. (A) Graphs show the clinical score progression of EAE model over the experimental period (n = 9 in RR-EAE group treated with saline, n = 8 in RR-EAE group treated with cell therapy and n = 11 in RR-EAE group treated with gene therapy). Black arrow indicates the day at which the treatment (saline, cell therapy or gene therapy) started. (B) In the table, the values are presented as mean AE SEM. Statistical analysis to perform single comparisons was carried out using Kruskal-Wallis followed by Mann-Whitney test. *P < 0.05 versus saline; #P < 0.05 cell therapy versus gene therapy.
a Day disease onset, first day on which animals show any clinical symptoms (clinical score ≥0.5). (Liu et al., 2014) . In the CNS, both allogeneic cell and gene therapies induced a significant decrease in the perivascular CD3 + T-cell infiltrates and a strong reduction in the total demyelinated area of spinal cord tissues, with no differences between their effects. These results corroborate those previously reported with allogeneic transplant of human bone marrow-secreting IFN-β cells in EAE mice (Ryu et al., 2013) .
In contrast, the analysis of the expression of genes revealed that both cell and gene therapies increased the expression of SEMA3F, a chemoattractant molecule related to OPCs migration, which is expressed in MS lesions in a differential way; whereas high levels of SEMA3F have been found in acute active lesions (more inflammatory and more likely to remyelinate), lower levels appeared in chronic active lesions (less inflammatory and less likely to remyelinate) (Boyd et al., 2013) . So our results suggest that AdMSCs, regardless of their ability to secrete IFN-β, could favour the migration of OPCs towards damaged tissues to facilitate several processes orchestrated by them, such as remyelination, even in the chronic period of the CP-EAE, when the endogenous repair mechanisms seem to be insufficient to repair damage. As expected, allogeneic gene therapy also increased the gene expression of IFN-ß and its receptor subunit IFNAR2.
Taken together, these results corroborate the known influence of AdMSCs on the inflammatory processes induced by the EAE and the distinct advantage provided by the constitutive expression of IFN-ß over their beneficial therapeutic effects.
Although during the clinical evaluation of gene therapy in both EAE models, no side effects were observed in mice, a long-term evaluation of this treatment is warranted to assess the effects of longterm exposure to IFN-β. One strategy to manage an uncontrolled overexpression of IFN-β by transfected cells may be the introduction of an inducible promoter to promote IFN-β expression. For future experiments, our group is working on the development of doxycyclineinducible lentiviruses expressing IFN-β, based on the work of Benabdellah et al. (2011) . As soon as the administration of doxycycline stops, so will the production of IFN-β from the transduced MSCs. This system is also able to induce the expression of different levels of the transgene depending on the dose of doxycycline.
In conclusion, we have generated an AdMSC line genetically modified by inserting the IFN-β gene, which constitutively secretes this cytokine at therapeutic concentrations while displaying no significant changes in the biological and functional properties of MSCs. Gene therapy has proved more effective than cell therapy in ameliorating several clinical parameters and peripheral activation of CD4 + T-cells in both EAE models, presumably due to the continuous expression of IFN-β. Although further experiments are needed to clarify whether the positive effects in the CNS are due to the activity of the AdMSCs or to the increased bioavailability of IFN-β, we propose that gene therapy could be a useful pharmacological tool in preclinical and clinical studies not only for relapses but also for chronic periods of MS, considering the different neuroimmuno-pathological mechanisms underlying these phases of the disease. The promising results found in the EAE models with gene therapy supports the continuation of preclinical studies aimed at addressing its safety and toxicity, in order to consider its suitability for a first-in-man clinical trial in MS patients. The small differences regarding the efficacy of autologous versus allogeneic gene therapies on several immunohistological parameters, and on the gene expression pattern, seem to be related more to the time course of the disease in which they have been assessed (relapse in RR-EAE and chronicity in CP-EAE) rather than to the differences in the genetic background of the animals in which the cells were transplanted. technical assistance and Dr Virginia Vila-del Sol for her help with the flow cytometry analysis. 
